ABSTRACT: Optical printing holds great potential to enable the use of the vast variety of colloidal nanoparticles (NPs) in nano-and microdevices and circuits. By means of optical forces, it enables the direct assembly of NPs, one by one, onto specific positions of solid surfaces with great flexibility of pattern design and no need of previous surface patterning. However, for unclear causes it was not possible to print identical NPs closer to each other than 300 nm. Here, we show that the repulsion restricting the optical printing of close by NPs arises from light absorption by the printed NPs and subsequent local heating. By optimizing heat dissipation, it is possible to reduce the minimum separation between NPs. Using a reduced graphene oxide layer on a sapphire substrate, we demonstrate for the first time the optical printing of AuAu NP dimers. Modeling the experiments considering optical, thermophoretic, and thermo-osmotic forces we obtain a detailed understanding and a clear pathway for the optical printing fabrication of complex nano structures and circuits based on connected colloidal NPs.
C olloidal synthesis methods permit the high-throughput and low-cost fabrication of colloidal nanoparticles (NPs) with precise control of composition, size, and shape. 1−4 These nanomaterials have a number of advantages in comparison to their counterparts produced by top-down lithographic or etching methods, such as versatility of geometries, superior crystallinity, the ease of tailoring surface chemistry, 5 and the potential for large-scale production. Current efforts in the field are devoted to control the incorporation of colloidal NPs in two-dimensional (2D) and three-dimensional (3D) assemblies on solid surfaces, 6−9 so as to use their unique physical and (bio)chemical properties in functional devices such as optical nanoantennas 10, 11 or highly sensitive SERS platforms. 12, 13 Among the various methods for decorating surfaces with colloidal NPs, optical printing stands out because it enables the fabrication of patterns of arbitrary design on plane substrates with no need of any previous steps of physical or chemical patterning. Optical printing uses highly focused laser beams to capture individual NPs from the colloidal suspension and fix them into predefined locations of a substrate with high accuracy and flexibility of pattern design. 14−17 This technique is particularly suitable for highly polarizable NPs such as metallic NPs near their plasmon resonance, because large optical forces are produced with moderate laser powers. Furthermore, optical resonances of NPs allow the selective deposition of different kinds of NPs using lasers of different wavelengths. 18−20 Arrays of individual NPs can be prepared also by simultaneous optical printing using spatially modulated light fields. 15 One of the key challenges of optical printing is to improve its lateral resolution, that is, its ability to deposit two NPs at a controlled separation distance. Since its first implementations, 14, 21, 22 it was found that the optical printing process was disturbed by the interaction of the laser beam with the already fixed NPs. For the optical printing of Au and Ag nanospheres or nanorods, the interparticle distances were restricted to the size of the focus waist, typically 300 nm for a Gaussian diffraction-limited foci of visible wavelengths. 16, 23 In a recent report, 24 we have shown that the repulsive interaction that prevents connecting NPs on a substrate could be avoided if the already printed NPs are transparent at the printing wavelength. Following this strategy, we were able to connect Ag and Au NPs with well-defined orientation. Still the exact mechanism behind the photoinduced repulsion remained unclear. In experiments where Ag NPs were first optically trapped and then printed, 23 the limited interparticle distance could be clearly explained by optical binding. However, optical binding could not account for our observations and photothermal heating was then postulated to play an important role. Photothermal distortions have been reported on several other experiments of optical manipulation. 25−29 Mechanistic discussions usually point toward convective currents induced by the hot NPs, 30, 31 although efforts to quantitatively explain the observed effects in terms of natural convection have systematically failed given their weak magnitude. 32 Despite this limited understanding, nanoscale photothermal phenomena have found application in the manipulation of single 33, 34 and assemblies 35 of NPs, molecules, 36,37 as well as driving force for the motion of self-propelled Janus particles. 38−40 Advances in the understanding of photothermal forces at the nanoscale are thus beneficial not only for optical printing but for an extended range of applications.
Here, we perform a systematic study of the lateral resolution of optical printing of Au NPs on substrates of different thermal conductivity. We show that using substrates with higher thermal conductivity, smaller interparticle distances can be achieved. Increasing the contact area between the metallic NP and the substrate is a complementary and effective way of increasing the heat-dissipation, as shown by printing spherical Au NPs next to Au nanodisks (NDs). The role of photothermal repulsion is clearly demonstrated. A complete modeling of the experiments considering optical, thermophoretic, and thermoosmotic forces provides detailed mechanistic insight. Finally, as a proof of concept, we show that by exploiting the high thermal conductivity of a reduced graphene oxide layer deposited on sapphire, it is possible to create dimers of connected Au NPs.
Results. Optical printing of (63 ± 3) nm spherical Au NPs was performed using a CW laser with wavelength of 532 nm, tuned to the localized surface plasmon resonance of the NPs. In a typical experiment, a diluted drop of colloidal citrate-capped negatively charged Au NPs is placed on top of the substrate to be patterned. Spontaneous adsorption of the NPs was avoided by functionalizing the substrate with a monolayer of polyelectrolyte rendering it with the same sign of charge as the NPs. The laser is focused to a Gaussian beam waist of (266 ± 3) nm and the focal plane is set at the substrate, generating a small region where optical forces are stronger than the repulsion. NPs that diffuse into that region are pushed toward the beam center and the substrate, where they get fixed (printed) by the attractive van der Waals force. A minimum threshold laser power P th is required to overcome the electrostatic repulsion and print NPs. The process has a typical average positional accuracy of 50 nm.
14 Arrays of NPs are fabricated by automated subsequent printing of single NPs as described in our previous report. 24 Further details on the experimental methods can also be found in SI.1. Figure 1A illustrates the temperature increase that takes place due to light absorption of a fixed NP when the printing beam is set to print a second NP nearby. In order to test the influence of this temperature increase on the lateral resolution of optical printing, Au NP dimers with different set gaps were printed on two substrates with considerably different thermal conductivities (κ): glass with κ ∼ 1 W/mK and sapphire with κ ∼ 20 W/ mK. The interparticle gaps are defined as the distance between the NPs from surface to surface. The resulting nanostructures, and in particular the interparticle separation gaps, were characterized by dark-field microscopy and field-emission scanning electron microscopy (FE-SEM; see SI.2 for details). Figure 1B shows the calculated temperature map around a 60 nm Au NP on a glass substrate and illuminated with the center of a focused laser beam as the one used for printing with a power P = 1.2 mW. The surrounding medium is water. Details about temperature calculations are provided in SI.7. Temperature increases of about 300 K can be achieved under these conditions. 41 In agreement with previous reports, 23, 24 optical printing on glass substrates delivers precisely well-separated individual NPs to the set position but fails for interparticle gaps smaller than 300 nm ( Figures 1D,E) . For set gaps smaller than 150 nm, optical printing of the second NP becomes impossible. Indeed, FE-SEM images confirmed that only a single NP is printed for those set gaps (example of set gap 0 nm in Figure  1E ).
A different behavior was found on sapphire substrates. The first noticeable fact was that the threshold laser power for printing was roughly 2.4 times lower than on glass substrates. There are two plausible reasons for this. First, even though the chemical treatments of both surfaces were identical, it is possible that the sapphire substrates turned out with a lower charge density. Second, short-range attractive forces were predicted between a heat releasing particle and a thermally conductive substrate, as discussed in more detail in SI.3.
42 Figure 1C shows the calculated temperature map around a 60 nm Au NP on a sapphire substrate (surrounding medium water) when placed at the center of the printing laser beam with power of P = 0.5 mW. The combination of faster heat dissipation of sapphire and the lower laser power required for printing, leads to a 7-fold temperature reduction in comparison to the glass substrate. Using sapphire substrates, the precision of optical printing at short gaps improves considerably and printing of a second NP becomes possible at any set gap ( Figure 1D ). Still, for gaps below 190 nm the experimental gap is larger than the set gap. The inset of Figure 1F shows SEM images of the fabricated dimers at a set gap of 0 nm, that is, aiming to connect the NPs. Even though a second particle was printed with a fairly well-controlled orientation, the average experimental gap was 151 ± 12 nm. These experiments show that lowering the temperature increase of the already printed NP by using a substrate with higher thermal conductivity leads to measurable improvements of the lateral resolution of optical printing. For the case of sapphire and Au NPs, there is still some residual photothermal repulsion that impedes the connection of NPs.
An alternative, complementary way of achieving better heat dissipation consists of increasing the contact area between the fixed NPs and the substrate. In order to test this approach, we evaluated the lateral resolution of optical printing colloidal Au NP next to Au nanodisks (NDs) fabricated by top-down methods onto sapphire substrates (Figure 2A ; see SI.4 for details). NDs with a height of 50 nm and diameters of 70, 100, and 150 nm were used. The calculated temperature maps for the smallest and the largest NDs when set in the center of the printing beam are shown in Figure 2B ,C, respectively. Even though the NDs have greater volume and equal or higher absorption cross sections than the spherical NPs (see SI.5), their temperature increase is around 5 times smaller. An example dark-field image of an array of 70 nm NDs is shown in Figure 2E , along with a SEM image of a ND and a typical scattering spectrum. The 60 nm Au NPs were printed close to the Au NDs in order to fabricate ND−NP dimers with different set gaps. Representative dark-field images of the obtained ND− NP dimers are shown in Figure 2F for the 70 nm NDs. In addition, an example FE-SEM image of a ND−NP dimer fabricated with a set gap of 0 nm is shown with an attained gap of 35 ± 5 nm. Although particles look similar in FE-SEM images, the scattering spectrum reveals the presence of a ND and a spherical NP ( Figure 2F) . Figure 2D shows the experimental gap versus the set gap for all disk sizes. Optical printing of NPs was possible for all set gaps and NDs sizes, achieving average gaps below 100 nm, which were impossible to obtain with dimers of spherical Au NPs on glass or sapphire. This demonstrates that engineering the dissipation of heat via the NP geometry is another viable avenue for the improvement of lateral resolution of optical printing. Nevertheless, it was still not possible to connect the colloidal NPs to the NDs. Figure 3 summarizes all results in a plot of the printing error versus the surface temperature increase of the fixed NP or ND.
The printing error is calculated as the difference between the set gap and the average experimental gap, that is, a measure of the deviation from the unperturbed behavior. The temperature increase ΔT of the fixed particle was computed for the particular conditions (absorption cross section, substrate, distance to the printing beam, and laser power) of each printing experiment (see SI.7). Remarkably, the results obtained with different particles, substrates, and set gaps group together in a common trend where the error increases monotonically with the surface temperature of the fixed particle. Furthermore, a more detailed inspection shows that the results obtained with fixed NPs and NDs group together while exhibiting slightly different trends, indicating that heat dissipation details, such as the problem geometry, are significant too. These results are in line with our previous report 24 and definitely confirm that the lateral resolution of optical printing is limited by light-induced heating. Interaction between NPs via scattered light (optical binding) 23 ,43−45 may play only a minor role, as evident from the fact that the scattering cross sections at 532 nm of a 60 nm spherical NP and the 70 nm ND have similar magnitudes (see SI.5) but very distinct lateral resolutions of optical printing. Furthermore, the 150 nm ND has a scattering cross section 7-fold larger than a 60 nm Au NP but presents the smallest average experimental gap, that is, the weakest repulsions.
It is a noticeable fact that a relatively low surface temperature increase below 10°can cause a repulsion comparable to the optical forces. In order to gain understanding, we analyzed all plausible mechanisms for this repulsion. First we note that the Reynolds number under the conditions of optical printing is considerably lower than 1 (see SI.8). Therefore, the liquid undergoes Stokes flows. In the following, we use the letter U when referring to fluid velocity fields and V for phoretic drift velocities of the particles.
A first possible origin of the thermally induced repulsion is natural convection. 32 However, a straightforward analysis allows us to conclude that convective velocities could hardly exceed 1 nm/s (see SI.8). Such fluid velocities translate into Stokes drag forces of 5 × 10 −7 pN, which are 6 orders of magnitude weaker than the optical counterpart. This means that the existent convective flows do not play any relevant role in the optical printing process. A second possibility is Marangoni convection. 46 Recently, Ito et al. 47 observed that if a bubble is formed around a hot NP, Marangoni convection up to 6 orders of magnitude stronger than natural convection can be driven by the surface tension of the water−air interface. The temperature threshold to form a bubble was reported to be around 600 K in several experiments of hot NPs 48−51 under continuous wave excitation. Therefore, bubbles are not likely to be created by the low temperature increases during optical printing and Marangoni convection can be dismissed.
Having ruled out both natural and Marangoni convection, we propose a mechanism based on thermally induced flows that arise at a solid/liquid interface as a result of tangential temperature gradients. In the liquid boundary layer, a slip flow U s is induced, which can be calculated as 52,53
where T is the temperature, t̂is the unit vector tangential to the surface, and χ is the thermo-osmotic coefficient or mechanocaloric cross-coefficient, 53 a quantity related with the excess of specific enthalpy in the interfacial liquid layer compared to the bulk. Depending on the nature of the interaction (i.e., the sign of χ) the fluid can be pushed toward the hotter or the colder region. If the surface is a fixed boundary, a long-range motion of the liquid is established known as thermo-osmotic flow. 31 A microscale observation of such a flow was reported very recently by Bregulla 53 et al. On the other hand, if the solid surface belongs to particle suspended in a nonisothermal liquid, the flow induces the migration of the particle, a phenomenon known as thermophoresis 54−56 or the Soret effect. In the last context, usually an empirical description is employed, where the thermophoretic velocity V tph of the particle is proportional to the local liquid temperature gradient ∇T and a thermodiffusion coefficient
Because D T is typically positive, 57 particles move from hot to cold regions. It must be noted that despite being two different phenomena, the underlying physics of thermophoresis and thermo-osmosis are essentially the same with D T and χ intrinsically related.
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The optical printing process involves temperature gradients on the liquid around the suspended NP being printed, as well as on the fixed substrate ( Figure 4A,B) . Therefore, both thermophoresis and thermo-osmosis in principle could take place. In our previous report, 24 the role of thermophoresis in optical printing was introduced but quantifying the magnitude of thermophoresis for metallic NPs remains in debate. 54, 58 Considering its high thermal conductivity, it has been argued that metallic NPs should not experience thermophoresis because the fluid in close vicinity of the NP is expected to have uniform temperature. 53 However, this simplified picture could be wrong. It has been shown theoretically that the thermophoretic interaction is influenced by the properties of a finite layer of fluid around the NP surface, and that heat conductive NPs may present thermodifussion coefficients as high as dielectric NPs. 59 In addition, two recent papers 60,61 show experimentally and theoretically that thermophoresis is enhanced close to surfaces due to hydrodynamic boundary effects. This means that even if the thermodiffusion coefficient for metallic NPs in suspension was small, thermophoretic forces could still be appreciable close to surfaces. Here, we extend the discussion including the role of thermo-osmotic flows imposed by the substrate. We simulated numerically the total force fields acting on a NP during the process of optical printing, considering the optical force, thermophoresis, and thermo-osmosis. Optical forces were calculated analytically following the approach described in ref 62 (further details in SI.6). The thermophoretic and thermos-osmotic forces were calculated based on temperature maps obtained from 3D finite element simulations (further details in SI.7). Thermophoretic velocities were obtained from the local temperature gradients using eq 2, and then transformed into corresponding drag forces using Stokes law (further details in SI.9). A typical example of the thermophoretic force field is shown in Figure 4C ; the NP being printed tends to be repelled from the hot fixed NP on the substrate. Thermo-osmotic flows were obtained starting from the calculation of the slip velocity of a water layer at the solid− liquid interface, according to eq 1. Then, mass continuity requires the formation of convection-like fluid cells with closed streamlines. Once the water flow was obtained, a thermoosmotic drag force field was calculated according to Stokes law on a 60 nm NP. A typical force field due to thermo-osmosis is shown in Figure 4D .
Next, total force fields computing the optical, thermophoretic, and thermos-osmotic components can be calculated with only two free parameters: the unknown values of the thermodiffusion coefficient for a 60 nm Au NP ((D T Au ) and the thermo-osmotic coefficient for the substrate-water interface (χ p−w ). Because sapphire and glass substrates are equivalently functionalized with the same layer of polyelectrolyte, we consider both substrates to have the same value of χ ), for a NP being printed close to a 60 nm Au NP on glass and sapphire and close to a 70 nm ND on sapphire, at different set gaps. The center of the beam is depicted with a solid vertical line. Because the Reynolds number of the system is small (see SI.8), the NP motion is overdamped and force lines can be interpreted as trajectories. For a small set gap of 50 nm on glass (Figure 5A ), the trajectories point away from the fixed NP and the target position; optical printing is impossible under these conditions. In contrast, for a fixed NP or ND on sapphire at the same small set gap ( Figure 5B,C) , there are trajectories capable of bringing the NP to the surface. However, these force lines lead to final positions further away from the fixed NP. For larger set gaps ( Figure 5D −F) optical forces dominate and the trajectories lead to a final position according to the set-point.
The model presented so far quantitatively reproduces the experimental observations. Interestingly, for the optimum values of parameters (D T Au , χ p−w ), forces due to thermo-osmosis are considerable smaller than forces due to thermophoresis (see Sections SI.8 and SI.9). Furthermore, the parameter scan performed for optimization shows that the total force is practically independent of χ p−w . The prediction of our model using the optimum value χ p−w = 3 × 10 −9 m 2 s −1 or χ p−w = 0 is practically equivalent considering the experimental errors, meaning that we do not have evidence to affirm that thermoosmosis is a relevant phenomenon during optical printing.
A route to further reduce the photothermal heating is to employ substrates with even higher thermal conductivities, while keeping light absorption at the printing wavelength to a minimum. A suitable candidate is graphene. Its thermal conductivity has been claimed to be as has high as 5000 W/ mK 63 and the absorption of a single layer is only 2.3% at 532 nm. 64 Thus, we tested the lateral resolution of optical printing on a sapphire substrate coated with one or two layers of reduced graphene oxide (rGO, Figure 6A , preparation details in SI.9). Before optical printing, the rGO presence was confirmed by Raman spectroscopy, using excitation light of λ = 532 nm. Figure 6B show a typical spectrum; the two main peaks observed at 1600 and 1330 cm −1 correspond to the G and D bands of rGO, respectively. The rGO layer is not damaged or altered by the irradiation levels used for optical printing, as demonstrated by a second Raman spectra acquired after 2 min of irradiation at 1 mW. In this case, no extra surface modification of the substrate was necessary because no spontaneous attachment of NPs to the rGO was observed for at least 2 h. The rGO substrate was not homogeneous. The laser power threshold for optical printing varied from region to region, revealing differences of surface charge density. We ascribe this to different degrees of reduction as a result of the rGO preparation procedure. Nevertheless, there were regions of the substrate where Au particles could be printed with a laser power of 0.5 mW. Example FE-SEM and dark-field images are shown Figure 6C ,D, respectively. In those regions, the possibility of connecting two Au NPs was tested by printing Au NP dimers with a set gap of 0 nm. Remarkably, in many cases connected dimers could be fabricated, as shown in Figure  6E . A comparison to the previous experiments is not directly possible because the value of the thermos-osmotic coefficient χ for the rGO−water interface may be very different. Nevertheless, as it turned out from the quantitative analysis, the thermos-osmotic contribution is negligible in comparison to thermophoretic and optical forces. These results therefore indicate that the photothermal repulsion can be fully suppressed if heat dissipation is sufficiently efficient.
Conclusions. We have demonstrated that the lateral resolution of optical printing of colloidal NPs is limited by repulsive forces that arise from light absorption by the fixed NPs and consequent local heating. Increasing heat dissipation leads to significant resolution improvements. Using sapphire substrates, which have a 20-fold higher thermal conductivity than glass, the minimum gap between optically printed Au 60 nm NPs was reduced from 300 to 150 nm. Heat dissipation can be increased also by improving thermal contact between the fixed NPs and the substrate. Even higher lateral resolution with gaps below 100 nm was achieved when printing Au NPs next to Au NDs on sapphire or glass. Spherical Au NPs could be connected directly by optical printing using an additional mono-or bilayer of reduced graphene oxide on sapphire substrates.
A detailed physical insight was obtained by comparing the experimental results to calculations, and evaluating all plausible photothermal phenomena as sources of the repulsive forces. Remarkably, numerical estimations of the temperature showed that small temperature increments below 10°are enough to repel the optically driven AuNPs in the suspension. It was possible to conclude that neither natural nor Marangoni convection generate significant photothermal forces. Calculated force maps considering the optical, thermophoretic, and thermos-osmotic contributions were found to be fully consistent with the experimental observations. The only two free parameters, the thermodiffusion coefficient of the 60 nm Au NPs D T Au and the thermo-osmotic coefficient for the interface between the polyelectrolyte-coated substrate and the water χ p−w , were obtained by scanning their values and contrasting the calculations to the experiments. The parameter scan showed that thermo-osmotic flows do not produce a considerable repulsion and that the dominant component arises from thermophoretic motion of the suspended NP. This is particularly interesting because currently it is under debate if metallic particles, which thermalize on femtosecond time scales, can be subject to thermophoresis. We found that the 60 nm AuNPs do experience considerable thermophoretic motion with a coefficient D T Au = 4.3 × 10 −12 m 2 s
. Because this is based on 3D calculations of the temperature maps, including the substrate, we believe this is the first reliable value reported for a metallic NP in suspension. We note that temperature fields around a hot nanostructure typically decay in lengths of about 100 nm. Therefore, extreme temperature gradients as high as 10 8
−10
9 K/m are produced. These conditions are significantly different from most theoretical and experimental reports, where small temperature gradients are considered. 36, 37, 65 The results of this work contribute to the general understanding of photothermal forces at the nanoscale and induced by high-temperature gradients and therefore their impact exceeds the field of optical printing. Reciprocally, it is envisioned that the technique can strongly benefit from a deeper comprehension of thermophoretic and thermo-osmotic phenomena of colloidal systems. For example, not only heat dissipation strategies but also surface modification strategies can be employed to reduce these effects. A reduction, or even sign reversal, of the coefficients D T and χ can be pursued.
To sum up, we have improved significantly the lateral resolution of optical printing and at the same time gained detailed insight into photothermal forces at the nanoscale. As a result, the versatility of optical printing is expanded, broadening the range of systems based on colloidal NPs that can be fabricated with this technique. In addition, we have shown that optical printing can be combined with standard lithographic fabrication methods, allowing the incorporation of colloidal nanocomponents into previously patterned nanostructures with high accuracy. Finally, we have shown for the first time the combination of optical printing with 2D carbon materials. This is a novel route for the fabrication of template-free hybrid NPgraphene optoelectronic devices. These devices can merge the unique thermal and electrical conductivities of few-layered reduced graphene oxide films with the versatile photochemical properties of colloidal NPs with possible applications in biosensors, 66−68 SERS, and light harvesting.
